Anhedonia, the diminished ability to experience pleasure, is a challenging negative symptom in patients with schizophrenia and can be observed in at-risk individuals with schizotypy. Deficits in hedonic processing have been postulated to be related to decreased motivation to engage in potentially rewarding events. It remains unclear whether non-pharmacological interventions, such as cognitive training, could improve anhedonia. The present study aimed to examine the neural mechanism for alleviating hedonic deficits with working memory (WM) training in individuals with social anhedonia. Anhedonia refers to the diminished ability to experience pleasure and constitutes one of the core features in negative symptoms of schizophrenia 1 and major depressive disorder 2 . The recently proposed Research Domain Criteria (RDoC) also includes hedonic capacity as a trans-diagnostic domain between schizophrenia and depression 3 . In patients with schizophrenia, the severity of anhedonia contributes to decreased social functioning 4 and diminished quality of life 5 . Anhedonia is also present in non-psychotic first-degree relatives of patients with schizophrenia 6 and individuals with psychometrically-defined schizotypy 7 , and has been considered a possible vulnerability marker of schizophrenia 8 . Dissociation between anticipatory and consummatory pleasure experience has been demonstrated, and specific deficits in anticipatory pleasure experience have been reported in people with schizophrenia and schizotypy 9 . This anticipatory pleasure deficit has been associated with difficulties in the formation, maintenance and retrieval of affective and value representations 10 . Patients with schizophrenia showed lower self-report emotional intensity 11 and reduced brain activations at the prefrontal cortex, the anterior cingulate cortex, the putamen and the thalamus 12 during the maintenance of emotional representation. Working memory (WM) is responsible for information maintenance and manipulation in a short period, and thus it has been suggested as a possible underlying cognitive mechanism for anticipatory pleasure and goal-related behaviours 13 . Baddeley et al. 14 have suggested the existence of a hedonic detector system within the WM model. The overlap in recruitment of the prefrontal-striatal
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In the healthy population, anhedonia has also been observed in individuals with schizotypy, who are medication-free but exhibit cognitive deficits and psychotic-like experiences to some extent 17 . Psychometrically-defined schizotypy showed comparable levels of social anhedonia as patients with schizophrenia, while their levels of physical anhedonia lay intermediate between patients and healthy controls 7 . There is also evidence to suggest that elevated levels of social anhedonia may predispose an individual to the development of schizophrenia-spectrum disorders 18 . Given the above, social anhedonia may be a potential target for early detection and intervention in high-risk individuals.
Cognitive remediation therapies have been developed for patients with schizophrenia to improve cognitive function with a view to alleviate negative symptoms 19 . A recent meta-analysis suggests that patients with schizophrenia could benefit from WM training and brain regions showing activation changes showed significant overlap with healthy volunteers 20 . The primary brain regions showing benefits from WM training include the dorsolateral prefrontal cortex and the striatum. It is interesting that the prefrontal-striatal system is also important in reward processing and dysfunction of this brain network may underlie impairment in motivated behaviours in patients with schizophrenia 15 . However, few studies have specifically examined the possible beneficial effect of WM training on anhedonia. A behavioural study have explored the effects of WM training on enhancing hedonic processing abilities in individuals with social anhedonia, which found that motivated actions towards positive affective rewards were dramatically enhanced with WM training 21 . Moreover, the recruitment of individuals with schizotypy could overcome some of the confounding factors when studying patients with schizophrenia, such as the effects of antipsychotic medications, symptom severity and duration of illness.
The present study examined the potential transfer effect of WM training in alleviating hedonic deficits in individuals with social anhedonia. Domain-specific hedonic processing deficits towards monetary and affective incentives have been observed in high-risk samples with anhedonia 22, 23 . Thus functional imaging paradigms of the Monetary Incentive Delay (MID) 24 and the Affective Incentive Delay (AID) 22 tasks were administered both before and after WM training to evaluate the neural transfer effects on hedonic processing ability. We hypothesized that activities in the neural correlates of hedonic processing would be altered with WM training, and dissociable training effects would be observed in the processing of affective and monetary rewards. Moreover, a control group of individuals with extremely low levels of social anhedonia was also included at baseline assessment to investigate whether brain dysfunctions in the anhedonia group could be normalized to that of controls with WM training. Finally, given the involvement of maintenance function in anticipatory pleasure experience 13 , training gains and activation changes during anticipation would be correlated to examine whether the neural activation changes related to WM training were associated with improvement in WM performance.
Results
Training gains. As shown in Fig. 1 , performance in the dual n-back task improved continuously with training. The maximum n-back level reached during the first training session was 3.20 (SD = 0.41), which increased to 6.93 (SD = 1.39) in the last session. The training effect was significant (F(19, 266) = 24.874, p < 0.001). All the participants achieved a larger n in session 20, and two participants reached 10-back during the training while four reached 9-back. There were substantial individual differences in training benefits.
Training benefits in other behavioural measures. The improvement in performance in the Letter-Number-Span (LNS) task was significant (t (14) = 3.662, p = 0.003); thus a general benefit on WM capacity was observed in individuals with social anhedonia. The effect on self-reported measures was also investigated with paired t-tests (two tailed). The reduction in Chapman Social Anhedonia Scale (CSAS) scores was significant (t (14) = 2.714, p = 0.017), with participants reporting less anhedonia after WM training, while self-reported pleasurable feelings on the Temporal Experience of Pleasure Scale (TEPS) did not change significantly after WM training (Supplementary Table S1 ).
Hedonic processing deficits in individuals with anhedonia. First, behavioural performance (reaction times, RTs) in the AID and MID tasks during scanning were analyzed with 2 (Group: social anhedonia vs. Brain regions showing activation differences between individuals with social anhedonia and controls in the anticipatory and consummatory phases are listed in Supplementary Table S2. Significant hyperactivation during the anticipatory and consummatory phases in the AID task were observed in the temporal and parietal cortices, including the bilateral middle temporal gyrus (MTG), the right precuneus, the superior temporal gyrus (STG), the right inferior parietal lobule (IPL), the middle frontal gyrus (MFG) and the insula. For the MID task, hypoactivations were observed in the bilateral parahippocampus, the bilateral thalamus and the right substantia nigra in the anticipatory phase in individuals with social anhedonia. Hyperactivations were found in the IPL in the anticipatory phase, and in several frontal, parietal and temporal regions as well as the right thalamus in the consummatory phase in individuals with social anhedonia.
WM training effects on enhancing hedonic processing. Brain activation changes in the anticipatory phase of the AID and MID tasks related to WM training are listed in Table 1 and displayed in Figs 2 and 3.
In the anticipatory phase, brain activation was increased at post-training in the right anterior cingulate cortex (ACC), the left dorsal striatum and the left precuneus in the "reward cue > neutral cue" contrast of the AID task, and in the bilateral superior frontal gyrus (SFG), the right supramarginal gyrus in the "reward cue > neutral cue" contrast of the MID task. While the contrast "punishment cue > neutral cue" of the MID task was associated with increased brain activation at the right MFG and the left inferior frontal gyrus (IFG), no activation changes were found in this contrast in the anticipatory phase of the AID task.
However, activations were reduced during the consummation of both affective and monetary incentives in several frontal and parietal regions, and in some subcortical regions, including the cingulate cortex, the insula, the caudate and the bilateral parahippocampus (see Supplementary Table S3) .
Post-hoc ROI analyses examined whether any of these changes normalized social anhedonia activation abnormalities listed in Supplementary Table S2 . The majority of these activation abnormalities observed in the AID and the MID tasks in individuals with social anhedonia were not significantly different from controls following WM training, except for one cluster (x = 42, y = − 60, z = 24, cluster size = 2, MTG) in the "reward cue > neutral cue" contrast of the AID task.
Relationship between brain function changes and behavioural improvements. The signals from the significant clusters in the anticipatory phase were extracted from the AID and the MID tasks and the correlations between signal changes in the contrasts "reward cue > neutral cue" and "punishment cue > neutral cue" and behavioural improvements on the training task were calculated. Increase in brain activation at the SFG in the MID task was positively correlated with improvement of maximum n (r = 0.549, p = 0.042). Hence, a greater enhancement of WM capacity was associated with increase in activation at the SFG. No other significant correlations were found.
Discussion
In the present study, we investigated the neural mechanism of WM training on enhancing hedonic processing abilities in individuals with social anhedonia, especially the neuroplastic effect on brain activities in the anticipation of potential gain or loss. Altered activations were observed with WM training during the anticipation of affective and monetary incentives, and dissociable training effects were found regarding the types of incentives. Specifically, increased brain activations were observed during the anticipatory phase at the ACC, the dorsal striatum and the precuneus for the AID task, while increase in activation was observed at the dorsolateral prefrontal cortex and parietal regions for the MID task. Brain activities were reduced in the consummation of both affective and monetary incentives. The observed group difference between individuals with social anhedonia and controls at baseline were no longer significant after WM training, indicating a normalization of brain activations in individuals with social anhedonia with WM training. Correlation analysis confirmed that activation increase in the SFG was positively correlated with behavioural improvement on the n-back task.
Individuals with social anhedonia showed hedonic processing deficit in the anticipation of positive affective contents but not monetary incentives at the behavioural level compared with controls 22 . Differences in brain activation in processing affective and monetary rewards were also observed in the present study. Hyperactivations were observed in the MTG and the precuneus in the anticipation of positive affective images, and in the STG and the insula in the consummation of positive affective contents. These regions are involved in the processing of social information, such as others' mental states and feelings, and thus are collectively referred to as the "social brain" 25 . Positive correlations were observed between anhedonia score and activation at the MTG and the precuneus when performing social cognition tasks in individuals with social anhedonia 26 . Hyperactivations at the STG, the MTG and the precuneus were also observed during social cognition tasks in patients with schizophrenia 27 . When performing the MID task, reduced brain activations were observed at the parahippocampus, the thalamus and the substantia nigra in the anticipation of monetary rewards in the social anhedonia group. Both the parahippocampus 28 and the thalamus 29 are key regions related to reward processing. The substantia nigra supplies the striatum with dopamine, which may be the neurobiological mechanism of hedonic processing of reward 30 . Functional abnormalities in these brain regions in hedonic processing of monetary rewards are consistent with findings in patients with schizophrenia 31 . Moreover, studies in patients with major depressive disorder 32 , who are also characterized by prominent anhedonia, also revealed attenuated brain activations in these regions. Although the behavioural performances in the AID and the MID tasks during scanning did not differ between individuals with social anhedonia and controls, dissociable neural processing for affective and monetary information was observed. Thus investigation of the effects of different types of incentives used in reward processing is needed. The abnormal functions of these brain regions may represent a compensatory mechanism in individuals with social anhedonia to better process affective and monetary rewards.
Training related hyperactivation was found in the dorsal striatum, the ACC, and the precuneus during the anticipation of positive affective rewards. The dorsal striatum is involved in the anticipation of social and monetary rewards 33 and is engaged in the learning of connection between actions and reward consequences 34 . The ACC may be involved in effort-based decision making 35 , i.e., how much effort should be exerted to obtain a reward in certain circumstances, and it also plays an important role in social interactions. It has been shown that lesions at the ACC could lead to a lower valuation of social information 36 and a reduction in social behaviour 37 . Apart from the ACC, the precuneus is also involved in social cognition tasks 38 . In relation to WM, these three brain regions are central in filtering out irrelevant information 16 and monitoring conflict and exerting executive efforts in demanding situations 39 . Brain dysfunctions in WM and affective processing across these regions have been reported in high-risk samples 40 and patients with schizophrenia 41, 42 . Brain activations were increased at the SFG and the supramarginal gyrus in the anticipation of potential monetary gain and at the MFG and IFG in the anticipation of monetary loss with WM training. The prefrontal cortex exerts top-down cognitive control and modulates the evaluation function of subcortical regions within the fronto-striatal rewarding system 43 . The enhanced brain activations associated with WM training during the anticipatory phase may reflect improved efficiency in modulating, coordinating and integrating goal-relevant information within the present task demand by activating the value presentation of cues. The presence of training effect at the dorsolateral prefrontal cortex and parietal regions is consistent with findings in a meta-analysis that evaluates brain activation associated with WM training 20 . The meta-analysis, however, indicated a decrease in activation in the prefrontal-parietal network when performing trained WM tasks. Brain activities when performing the transfer tasks, such as the untrained 3-back task 44 and the emotion regulation task 45 , however, were elevated after training. Increased functional brain connectivity was observed between the MFG, the SFG and the ACC after WM training, and this increase was positively correlated with WM performance improvement 46 . We also found a positive correlation between activation at the SFG and n-back performance improvement. A previous study has found that WM training could reduce the discounting rate for future rewards in individuals with addiction 47 . A study using the AID task have shown that WM training could restore hedonic deficits towards social affective incentives in individuals with social anhedonia and their anticipatory sensitivity to affective rewards were normalized to the same level as individuals without hedonic processing deficits 21 . Thus the present study provides additional evidence for the neural mechanism underlying the improvement of hedonic processing ability and supports the efficacy of WM training in non-clinical samples.
Interestingly, after a direct comparison of training benefits across the anticipatory and consummatory phase of the AID and the MID tasks, we found a consistent pattern of increased brain activation in the anticipatory phase and decreased brain activation in the consummatory phase in both tasks. However, the involved brain regions differed between these two tasks. Behaviourally, consummatory pleasure capacity has been reported to be intact in individuals with social anhedonia and patients with schizophrenia 9 . WM is primarily involved in the anticipation of future rewards and helps to facilitate goal-directed behaviours 13 . The training effect observed in the AID and the MID tasks could be interpreted as an optimization of brain functions for information processing within WM. The improved maintenance of information about the rewarding outcomes of cues and actions could facilitate more adaptive responses. Behavioural studies did not identify any hedonic processing deficits toward monetary rewards in individuals with social anhedonia 22 and the AID task has also been suggested to be more sensitive in detecting physical anhedonia 23 . The observed dissociable training effects between the AID and the MID tasks further support the domain-specific characteristic of hedonic processing.
Augmenting hedonic processing ability through simple, easily administered computerized WM training may provide a novel approach to alleviate anhedonia not only in high-risk individuals but also in patients with schizophrenia. Evidence of the neural restorative effect of cognitive remediation has been reported in patients with schizophrenia 48 . Brain activities have been reported to normalize to that of healthy controls at key regions responsible for WM 49 , and increased fractional anisotropy (FA) has been observed in the anterior part of the genu of the corpus callosum after 40 sessions of WM training in patients with schizophrenia 50 . Neural transfer effects have also been reported in restoring brain functions related to reality monitoring 51 and emotion recognition 52 , indicating a potential for improving general functional outcomes with cognitive training in patients with schizophrenia. However, due to the small sample size and lack of a control group in this study, our results remain preliminary and require replication in future research.
The present study had several limitations. First, the sample size of the social anhedonia group was relatively small, which might limit the interpretability of the results. Secondly, the number of trials in each condition was relatively small to avoid fatigue for participants. However, there has been evidence for the distinctness of neural processing for monetary and affective rewards 23 . Thirdly, the control group was tested during the baseline assessment only, and the training effect observed in the social anhedonia group might be due to practice effect. Finally, only neural measures of hedonic processing were included, and the training effect on WM processing was only investigated with behavioural tasks. Thus the common neural mechanism of WM and hedonic processing was not thoroughly investigated in this study.
Notwithstanding these limitations, the present study adds significantly to the extant literature on the plasticity of hedonic processing. We demonstrate that WM training could enhance brain activations during reward anticipation in individuals with social anhedonia. These findings also suggest the potential of developing non-pharmacological interventions to alleviate anhedonia in patients with schizophrenia and depression.
Methods
Participants. Individuals with social anhedonia were recruited from a large sample consisting of 700 college students from a university based on scores on the Chapman Social Anhedonia Scale (CSAS) 53, 54 . Individuals scoring above 1.96 SD of the same-sex norm mean 54 (female: > 18; male: > 21) were invited to participate in the training programme. Individuals with a history of psychiatric disorders, brain injury, neurological disorders or substance abuse were excluded. Seventeen individuals with social anhedonia completed the pre-training assessment, but two of them did not complete the whole set of training due to personal reasons. The remaining 15 participants took part in 20 sessions of WM training, with each session lasting for approximately 30 minutes. They also took part in the pre-and post-training assessment of WM capacity and emotional experience. Two functional imaging versions of the MID and the AID tasks were incorporated in the pre-and post-training sessions to assess any potential improvement in hedonic processing ability.
In addition, we included a group of individuals with low levels of social anhedonia as controls to detect any baseline brain dysfunctions and training-related improvement in the anhedonia group. These participants (n = 19) were individuals with a CSAS score no higher than 0.5 SD of the same-sex norm mean (female: < 13; male: < 11) and they only participated in the baseline assessment, which consisted of both behavioural and neuroimaging measures similar to individuals with social anhedonia. A schema of the experimental procedures is presented in Fig. 4 . The two groups were matched in gender, age, education and WM capacity (see Supplementary Table S4 ). Individuals with social anhedonia reported higher level of anhedonia, less pleasure when anticipating future events, and rated themselves to be less emotionally expressive.
The study was approved by the Ethics Committee of the Institute of Psychology, the Chinese Academy of Sciences and was carried out in accordance with the approved guidelines. Written informed consents were obtained from all participants.
Training arrangement. The WM training task was a dual n-back task adapted from Jaeggi et al. 55 . Chinese characters with one syllable were used as the auditory stimulus rather than English letters (Fig. 5 ). Participants were asked to decide whether the location of a square and the character they heard were the same as the one n-back before. Each training session had 20 blocks, and each block had 20 + n trials, which included six auditory and six visual targets (four auditory or visual target trials separately and two trials of both an auditory target and a visual target), where n was the same for both modalities. If a target was correctly detected, a single tone was given, which constituted a positive feedback.
The training task was designed to continuously adjust its difficulty by changing the working memory load, which was represented by n. Each training session started at n = 1. If five or more targets were correctly detected in each modality, n would increase by one in the next block. Conversely, n would decrease by one if more than four mistakes in either modality were made. The n remained unchanged in other cases. Each training session lasted for 20 to 30 minutes, and participants were asked to come to the laboratory five days a week for four weeks.
Behavioural assessment at pre-training and post-training. To assess the training effect on general WM capacity, the Letter-Number-Span Task (LNS) 56, 57 was administered to all participants. The total number of items successfully passed was used as the dependent variable.
All participants were also asked to complete two self-report scales that measure one's emotional feelings and emotional expressivity. The Temporal Experience of Pleasure Scale (TEPS) 1, 58 was used to assess individual trait dispositions in both anticipatory and consummatory pleasure. Higher scores indicated better hedonic capacity. The Emotional Expressivity Scale (EES) 59, 60 , consisting of two factors, "emotion expression" and "emotion suppression", was used to assess emotional expressivity.
Neuroimaging tasks. The participants were administered two incentive delay tasks, namely the MID and the AID tasks. These two tasks are designed to capture both anticipatory and consummatory pleasure processing but differ in terms of the type of stimulus (monetary vs. affective) used. The details of these two tasks have been described elsewhere [22] [23] [24] . A cue was first presented, which was followed by a delay period, and participants were instructed to press a specified key as quickly as possible when the target appeared. A feedback (win, loss, no loss or no win) was then given. Both tasks had two runs, with each run consisting of 30 trials, with 10 reward, punishment and neutral conditions respectively. The order of all trials in each run was pseudo-randomly arranged.
In the beginning of each trial, participants saw one of three cues (circle, triangle or square) for 250 ms at the centre of the computer screen. The cue period was followed by a delay period lasting for 2000 ms to 2500 ms, which was designed to capture the anticipatory phase. Then a target appeared and participants were asked to respond as quickly as possible with their right index finger by pressing a specified key. There was a feedback period of 1650 ms for the monetary incentives or 3000 ms for the affective incentives following the disappearance of the target, notifying the participants whether they had hit the target or not during that trial. In the MID task, monetary incentive was given as feedback, and the money they won would become part of the monetary compensation they received after the experiment. A triangular cue indicated a reward condition, in which if the participants successfully hit the target, the incentive that followed would show that they had won five points. A square cue indicated a punishment condition, in which if the participants did not hit the target, they would lose five points; if they hit the target successfully, they could avoid the loss. A circular cue meant a neutral condition, in which no monetary reward or punishment was given no matter whether the participant hit the target or not.
In the AID task, participants received affective pictures as feedback during the consummation period. Under the reward condition (triangular cue), participants were presented with a positive affective image if their reaction times (RT) were sufficiently short. Under the punishment condition (square cue), participants would see a negative affective image as feedback if they did not hit the target. Otherwise a neutral image was shown if they responded before the target disappeared. Under the neutral condition (circle cue), participants were shown a neutral image as feedback regardless of RTs. These images were selected from the International Affective Picture System (IAPS) 61 and have been validated in terms of valence and arousal in a previous study 22 . The feedback period of the AID task lasted for 3000 ms to facilitate the emotion-eliciting effect of the affective images.
Images acquisition and preprocessing. All Magnetic Resonance Imaging (MRI) scans were acquired using a 3-Tesla scanner system (MAGNETOM ® Verio Siemens). A high-resolution T1-weighted structural image was acquired with the following parameters: repetition time (TR) = 2,300 ms, echo time (TE) = 3 ms, field of view (FOV) = 256 mm, flip angle = 9°, image matrix = 256 × 256, and voxel dimensions = 1 mm × 1 mm × 1 mm. Functional images were acquired with echo planar imaging sequence, with the following parameters: TR = 2,000 ms, TE = 30 ms; FOV = 210 mm, slices = 32, flip angle = 90°, image matrix = 64 × 64, and voxel dimensions = 3.3 mm × 3.3 mm × 4 mm. Each run had 184 whole-brain volumes, such that each task had a total of 368 volumes. The sequence of the MID and AID tasks was counterbalanced across participants. A T2-weighted image was acquired to exclude participants with organic brain disease.
Pre-processing was performed using the Statistical Parametric Mapping software (SPM8, Wellcome Department of Imaging Neuroscience, Institute of Neurology and the National Hospital for Neurology and Neurosurgery; London, England). The data were first realigned with respect to the first volume to correct for head motion. Next, the Artifact detection Tool (ART) was used to generate a regressor to account for images with significant movement (scan to scan movement threshold 0.6 mm) or spike artifacts (absolute movement greater than 3 mm). Data from participants with more than 10% variation were excluded. Thus one participant in the anhedonia group was excluded in the subsequent imaging data analysis. Functional images were then corrected for slice timing and co-registered to the structural image of each participant, and then re-sampled into 3 mm × 3 mm × 3 mm slices. Finally, all normalized images were spatially smoothed with 8-mm full-width at half maximum Gaussian Kernel to remove low-frequency noise.
Statistical analyses.
Behavioural data. Statistical analyses were performed using SPSS (17.0 for Windows, SPSS Inc., Chicago, IL, USA). Training effects on the LNS task and self-report measures were analyzed with paired t-test (two tailed), while the differences between groups were analyzed with two sample t-tests (two tailed).
Imaging data. In the first-level analysis, a haemodynamic response function with nine conditions (reward cue, punishment cue, neutral cue, reward cue hit, reward cue miss, punishment cue hit, punishment cue miss, neutral cue hit, neutral cue miss) and seven head movement parameters (six re-alignment parameters and one ART regressor) as covariates of no interest were modeled separately for each task and each MRI session. In the second-level analysis, the contrast "reward cue > neutral cue" and "punishment cue > neutral cue" were established to identify brain activation during the anticipation of the positive and negative incentives respectively. The contrasts "reward cue hit > neutral cue hit" and "punishment cue miss > neutral cue miss" were established to identify brain activation during the consummation of reward and punishment respectively. To estimate activation changes across time, these contrasts were then compared before and after training using paired t-tests on SPM8, while the difference between individuals with social anhedonia and controls were evaluated using two-sample t-tests on SPM8. For the whole brain group-level analysis, the significant threshold of each contrast was set as p < 0.001 (uncorrected), with a spatial extent threshold of 10 contiguous voxels.
Supplementary post-hoc analysis. Region of Interest (ROI) analyses were first conducted to determine if brain dysfunction in individuals with social anhedonia was still detectable following WM training. The SPM clusters where pre-training social anhedonia differed from controls were investigated using SPM small volume-correction (SVC) analysis (uncorrected p < 0.001) in the comparison of post-training brain activation of social anhedonia against controls. After that, correlation analyses were conducted to examine the association between brain activity changes during the anticipatory phase and behavioural improvements on the n-back task in individuals with social anhedonia. The percentage signal change of the clusters showing training effects was extracted based on the nine conditions at the first-level GLM model using the Marsbar toolbox for SPM (http://marsbar.sourceforge. org). Differences in signal changes between the reward or the punishment cue and the neutral condition were computed by subtracting the signals of the neutral condition from the reward or punishment condition.
